Introduction
Barriers are commonly used to reduce noise from road traffic. Since the invention of an absorbing cylindrical edge by Fujiwara and Ono [1] , it has been widely recognized that an absorber on a top edge of the barrier reduces diffracted sound. Subsequently, various barriers with diffraction-reducing devices, including interferers or active noise control systems without any absorbing material, have been developed [2] ; such barriers are generally called ''edge-modified barriers. '' In the development of edge-modified barriers, wave-based numerical analyses using methods such as the boundary element method (BEM) [3] or the finite-difference time domain (FDTD) method [4] have been utilized as tools for optimizing barrier shapes. These methods can handle arbitrary boundary conditions, i.e., barrier shapes and absorption, and are suitable for optimizing edge-modified barriers. Absorption on the barrier surface is usually parameterized by a measured or estimated value of normal acoustic impedance based on a hypothesis assuming a local reaction on the absorbing surface for simplicity. The hypothesis may cause inaccuracy in calculations for edge-modified barriers with an absorbing top; the hypothesis may not be appropriate for situations where incident sound approaches the absorbing surface at a grazing angle, which is always the case for the absorbing top of a barrier.
In the present report, the numerical inaccuracy due to the assumption of the local-reaction hypothesis for the absorbing material on the top of edge-modified noise barriers is investigated.
Numerical analyses
Two-dimensional BEM analyses are carried out to calculate the diffracted sound field behind a noise barrier on flat ground, as shown in Fig. 1 , to discuss the diffractionreducing effect of an absorbing material mounted on the upper surface of a thick barrier. It is considered that only the top surface of the barrier is absorptive and that both sides of the barrier, including side surfaces of the absorber, are rigid and reflective. The ground is also assumed to be rigid. A coherent line source is set on the ground surface, and sound pressure levels (SPLs) at six receivers are calculated for pure tones at intervals of 1/15 octave. Results for five frequencies are summed incoherently to approximate 1/3-octave-band SPLs. A similar calculation is also carried out for a barrier without the absorber (i.e., a reflective barrier 3 m high and 0.5 m thick). The difference between the results for the barriers with and without the absorber indicates the reduction of diffraction due to the absorber.
The ICA-Ring method [5] is applied to avoid the nonuniqueness problem of BEM analyses. Additional interior boundaries are set 30 mm inside the barrier surface.
Local and extended reactions on the surface of the absorbing material
In the numerical analyses to determine the effect of the absorber on the top of the barrier, extreme grazing incidence to the absorber needs to be considered. Two types of BEM analyses, assuming a local reaction [3] and an extended reaction [6] on the absorbing surface, are carried out. Parameters describing the characteristics of the absorbing material, i.e., propagation constant, effective density, and specific impedance, are estimated using Miki's model [7] , assuming an effective flow resistance of 9000 PaÁs/m 3 , approximately equivalent to that of glass wool with a density of 32 kg/m 3 . The boundary condition in the analyses assuming the local reaction is defined as the normal incidence acoustic impedance of the 60-mm-thick absorbing material on the rigid backing board. The normalized impedance and normal incidence absorption coefficient are shown in Fig. 2 . In the analyses assuming the extended reaction, the absorbing material fills the 60-mm-deep cavity between the 20-mmthick rigid panels. Figure 3 (a) shows a schematic diagram of the localreaction model. It is assumed that the propagation in the absorbing material is restricted to the thickness direction; the local-reaction model is equivalent to the analyses of the situation shown in Fig. 3(b) where the absorbing material is partitioned by channels or tubes with openings smaller than a wavelength. In other words, the local-reaction model is appropriate if the absorbing material in an edge-modifying device is actually partitioned as shown in Fig. 3(b) . Figure 3 (c) shows a similar diagram of the extended-reaction model. This model requires the continuity of the sound field on the boundary between the air and the surface of the absorbing material to couple the sound field inside and outside the absorbing material. It does not restrict the propagation direction in the absorbing material, and is therefore more similar to the actual situation.
Numerical results and discussion
The result of each two-dimensional BEM calculation is converted into an A-weighted SPL following the procedure described in ASJ RTN-Model 2003 [8] . A traffic lane is considered to exist at the position of the line source in Fig. 1 . L Aeq,1h behind the roadside barrier is calculated assuming 1000 passenger vehicles per hour with a constant speed of 80 km/h. Figure 4 shows the frequency characteristics of L Aeq,1h calculated at receiver R4. Above 630 Hz, diffraction behind the barrier with the absorbing top edge becomes less than that behind the rigid barrier without an absorber. The noise-reduction efficiency of the absorber (i.e., the SPL difference between barriers with and without the absorber) in the local-reaction analyses is larger than that in the extendedreaction analyses. The noise reduction due to the absorber is small below 500 Hz. This is because the absorption coefficient is small in this frequency range and the size of the absorbing surface is too small compared with the wavelength to affect the sound field. The reduction in the overall value of L Aeq,1h is not significant because the dominant frequency components at approximately 500 Hz remain large even if the absorber is installed on the top.
The noise-reduction efficiency of the absorber at the six receivers is shown in Fig. 5 . The noise reduction due to the absorber can be observed above 630 Hz at all receivers. The tendency that higher efficiency is obtained in the highfrequency range and the deep-diffraction region agrees with the well-known common property of edge-modifying devices with an absorber [9] .
Considering that the analyses using the extended-reaction model are relatively realistic, it is concluded the analyses using the local-reaction model should overestimate the noisereduction efficiency of the absorbing edge above 630 Hz. The difference between the results obtained using these two models fluctuates periodically along the frequency axis, which is probably related to the frequency characteristics of the absorption coefficient of the 60-mm-thick absorber shown in Fig. 2 . It is also indicated that the diffraction at approximately 400 Hz behind the barrier with the absorbing edge in localreaction analyses is greater than that behind the rigid barrier. This may be related to the antiresonance of the periodical structure shown in Fig. 3(b) . Weak antiresonance also appears in the results for the extended-reaction analyses; the model has no partition in the absorbing material, but the cavity filled with absorbing material between the rigid walls may cause some resonance or interference.
The noise-reduction efficiency of the absorbing edge in the 1/3-octave band at approximately 1 kHz is summarized in Table 1 . The difference between the local-reaction and extended-reaction models, in other words, the inaccuracy due to the local-reaction simplification of the calculation is on T. ISHIZUKA and T. OKUBO: INACCURACY OF LOCAL-REACTION BARRIER SURFACE MODEL average 2 dB. This magnitude of inaccuracy is not negligible when the true efficiency of the absorbing material (i.e., the efficiency calculated assuming the extended reaction) is approximately 4 dB, and it can lead to the significant overestimation of the efficiency of edge-modifying devices in the development stage. Inaccuracies of 2.7 and 2.3 dB respectively appear at receivers R1 and R2, relatively close to the barrier. In Japan, in conventional procedures to determine the efficiencies of edge-modified barriers [2] , the insertion loss of the barriers is measured at receiver positions corresponding to R1 and R2. At these positions, the measured efficiency of the actual absorber will be much smaller than the efficiency predicted using numerical analyses based on the local-reaction model.
Conclusions
It has been shown that numerical analyses considering the local reaction on the surface of an absorbing material overestimate the noise-reducing efficiency of absorbers mounted on the top of noise barriers. We have to pay careful consideration to this overestimation when analyses using the local-reaction model are applied to design edgemodified barriers with absorbing materials. Although the analyses in the present paper are restricted to two-dimensional sound fields, a similar overestimation is expected to occur in three-dimensional and 2.5-dimensional [10] fields.
The extended-reaction model is appropriate for boundaries where a homogeneous absorbing material is exposed to the air. Absorbing materials in edge-modified barriers built along actual roads are, however, not exposed to the air; they are often covered by a perforated panel and plastic film etc. to avoid damage due to weather. When the film is pressed onto the absorbing material by the stress from the perforated panel, it can decrease the absorption of the structure. It may be difficult to numerically analyze these situations including the stiffness of the film under tension inside the perforated panel. If one applies the extendedreaction model to exposed absorbers, the anisotropy in laminated fibrous materials is not considered. In the development of edge-modified barriers, it should be recognized that numerical analyses often cause errors due to the use of approximations such as the local-reaction model, and that the noise-reducing efficiency need to be validated by experiments using prototype barriers before commercial production [11, 12] . Difference between effect of absorbing top for analyses using local-reaction and extended-reaction models. 
